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AGGRADATION AND DEGRADATION OF ALLUVIAL SAND DEPOSITS, 1965 TO 1986,
COLORADO RIVER, GRAND CANYON NATIONAL PARK, ARIZONA
By
John C. Schmidt and Julia B. Graf

ABSTRACT

Alluvial sand deposits along the Colorado River in Grand Canyon
National Park are used as campsites and are substrate for vegetation. The
largest and most numerous of these deposits are formed in zones of
recirculating current that are created downstream from where the channel
js constricted by debris fans at tributary mouths. Alluvial sand deposits
are classified by location and form. Separation and reattachment deposits
are located downstream from constrictions within recirculation zones.
Separation deposits are located near the point of flow separation and
typically mantle 1ar?e debris fans. Reattachment deposits are located
near the point of flow reattachment and project upstream beneath much of
the zone of recirculating current. Upper-pool deposits are located
upstream from a constriction and are associated with backwaters.
Channel-margin deposits line the channel and have the form of terraces.
Some are created in small recirculation zones.

Reattachment and channel-margin deposits are largest and most
numerous in wide reaches although small channel-margin deposits are used
as campsites in the narrow Muav Gorge. Separation deposits are more
uniformly distributed throughout Grand Canyon National Park than are other
types of deposits. In some narrow reaches where the number of alluvial
sand deposits used as campsites is small, separation deposits are a high
percentage of the total.

During high flows, both separation and reattachment deposits are
initially scoured but subsequently redeposited during flow recession.
Sand is also exchanged between the main channel and recirculation zones.
The rate of recession of high flows can affect the elevation of alluvial
deposits that are left exposed after a flood has passed. Fluctuating
flows that follow a period of steady discharge cause initial erosion of
separation and reattachment deposits. A part of this eroded sand is
transported to the main channel. Therefore, sand is exchanged between the
main channel and recirculation zones and redistributed within
recirculation zones over a broad range of discharges.

Comparison of aerial photographs and reinterpretation of
published data concerning changes of alluvial sand deposits following
recession of high flows in 1983 and 1984 indicate that sand was eroded
from recirculation zones in narrow reaches. In wide reaches, however
aggradation in recirculation zones may have occurred. In narrow reaches,
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decrease of reattachment deposits was greater than that of separation
deposits. In all reaches, the percentage of separation deposits that
maintained a constant area was greater than for other deposits.
Separation deposits, therefore, appear to be the most stable of the
deposit types.

Fluctuating flows between October 1985 and January 1986, which
followed the higher and steadier flows of 1983 to 1985, caused erosion
throughout the park. For separation deposits, erosion was greatest at
those sites where deposition from the 1983 high flows had been greatest.
The existing pattern of low campsite availability in narrow reaches and
high campsite availability in wide reaches was thus accentuated by the
sequence of flows between 1983 and 1985.

INTRODUCTION
Background

Alluvial sand deposits are used as campsites by backpackers and
by about 15,000 persons who float the Colorado River in boats or rafts
through Grand Canyon National Park each year. Sand deposits also are
substrate for riparian vegetation. Flow in the Colorado River through
Grand Canyon National Park has been regulated by Glen Canyon Dam since its
completion in 1963 (fig. 1). From 1963 to 1982 regulation has greatly
decreased the range of discharges that occurred in any given year but
greatly increased the range that occurred in a given day.

The mean annual peak discharge of the Colorado River before flow
regulation (1921-62) was 93,400 fts/s; this decreased to about
29,200 fts/s after regulation (1963-82). For most of 1965 through 1982,
flow was regulated in direct response to electrical power demand. During
a typical 24-hour period, the discharge range was large because power
demand is high during daylight hours and low at night (fig. 2). Although
flow through the powerplant at the dam could range from 1,000 to
31,500 ft3/s, discharge rarely varied over this entire range in a given
day. A daily discharge range of 10,000 to 20,000 ft3/s was typical of the
period. Unusually large releases of water using river outlet works which
bypass the powerplant and (or) spillways occurred in 1983, 1984, and 1985.
In 1983, peak discharge at Lees Ferry (09380000 Colorado River at Lees
Ferry, fig. 1) was 97,300 ft3/s. 1In 1984 and 1985, peak discharge at Lees
Ferry was 58,200 and 47,900 ft3/s, respectively.

Before construction of Glen Canyon Dam, the Colorado River
carried a large suspended-sediment load through Grand Canyon National
Park. A1l the sediment from the drainage area above the dam is now
trapped in Lake Powell formed behind Glen Canyon Dam. Suspended-sediment
samples collected at the gaging station at Lees Ferry between 1928 and
1959 commonly exceeded 10,000 ppm (parts per million). In contrast,
suspended-sediment samples collected since dam construction are typically
less than 200 ppm.

Concern was first raised in the mid-1970’s that the combination
of large daily discharge ranges typical of regulated flow and the loss of
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Figure 1.--Study area and location of study sites.



DISCHARGE, IN CUBIC FEET PER SECOND

25,000

20,000 — -

15,000 — —

10,000 —

5,000 — —

JANUARY 8 JANUARY 9 JANUARY 10 JANUARY 11
1986

Figure 2.--Instantaneous discharge at Lees Ferry gage, January 8-11, 1986,
typical of fluctuating flows between 1965 and 1982.
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sediment supplied from areas upstream from the dam would cause a decrease
in the size and number of alluvial sand deposits within the park.
Laursen and others (1976) estimated both the capacity of the regulated
river to transport sand and the amount of sediment supplied by tributaries
below the dam. They predicted that sand deposits would eventually be
depleted because transport capacity exceeded supply under regulated flow.
Although Dolan and others (1974) suggested that widespread degradation of
sand deposits might result from operations of the dam, Howard and Dolan
(1981) found that sand deposits had "suffered only a very slight erosion."
Howard and Dolan (1981) estimated that alluvial sand deposits had reached
equilibrium by the late 1970’s, and they predicted little net change in
the future. They stated, however, that erosion might occur if the
characteristic pattern of dam releases of the 1970’s were changed.

On the basis of an inventory made after the high releases in
1983, Brian and Thomas (1984) concluded that a net loss of sand deposits
large enough for use as campsites had taken place in the first 173 mi
below Lees Ferry. They also concluded that a net increase in the same
type of sand deposits had taken place farther downstream. Beus and others
(1985) evaluated the history of change of 20 major sand deposits between
1974 and 1984 by repeating topographic surveys first begun by Howard
(1975). Beus and others (1985) concluded "a substantial net gain of sand
gdue t% high flows in 1983]* * *more than compensated for the previous

-year loss."

Purpose and Scope

The present study of alluvial sand deposits along the Colorado
River began in 1984 in cooperation with the U.S. Bureau of Reclamation as
one phase of a comprehensive investigation of the effects of flow
regulation on sediment transport in Grand Canyon National Park. The
investigation was initiated in response to a U.S. Bureau of Reclamation
proposal to increase peak powerplant discharges from 31,500 to
33,100 ft3/s. High discharges between 1983-85 also provided an
opportunity to investigate the effects of discharges that exceed
powerplant capacity. Other phases of the overall study include:

1. Collection and analysis of flow and sediment-
transport data at gaging stations (Graf, 1986;
Pemberton and Randle, 1986);

2. Analysis of historical data from gaging stations
(Burkham, 1986);

3. Mapping of channel-bed materials (Wilson, 1986);

4, Development and application of a
sediment-transport model in the main channel
(Orvis and Randle, 1986 Pemberton and Randle,
1987); and

5. Evaluation of sediment contributions from ungaged
tributaries by debris flows (Webb, 1987).

The results of this study will be inte?rated with results of other phases
to determine the effect of flow regulation on sediment transport and
storage in the Colorado River in Grand Canyon National Park.



The study involved the evaluation of existing data and the
collection of new data. Existing data consist mainly of aerijal and ground
photography (Laursen and Silverston, 1976; National Park Service,
unpublished 1975 photographs on file at Grand Canyon National Park; Turner
and Karpiscak, 1980) and topographic surveys of deposits begun in 1974
(Howard, 1975; Beus and others, 1985; Ferrari, 1987). Data for this study
were collected from May 1984 to February 1986. These data included
measurements of flow velocity, scour-and-fill of sand deposits,
topographic and bathymetric surveys, mapping surface-flow patterns,
water-surface slope surveys, sedimentological analysis of some sand
deposits, and replication of photographs.

The study area extends from the gaging station (Colorado River at
Lees Ferry) at river mile 0 to the gaging station (station 09404200,
Colorado River above Diamond Creek, at Peach Springs) at river mile 225
(fig. 1). Most of the fieldwork was done on raft trips beginning at Lees
Ferry and ending at either Diamond Creek (river mile 225& or on Lake Mead
(river mile 280). A helicopter was used to reach some sites on
December 7 and 8, 1985, and on January 8 and 13, 1986.

Forty-one study sites were selected as a representative sample of
different types of alluvial sand deposits used as campsites in most major
reaches of the Colorado River corridor. The 41 sites and the types of
data collected at them are summarized in table 1. The results of
topographic and bathymetric surveys at 21 of these sites are discussed in
this report. The 21 sites are referred to as detailed study sites.

Bathymetric surveys were limited to reaches where a raft could be
safely maneuvered and instruments could receive signals. In spite of the
limitations, bathymetric surveys permitted mapping of large areas not
otherwise accessible. Topographic surveying was limited to areas of safe
wading; however, at low stages, large areas at some study sites could be
mapped. Mapping was done of surface-current patterns and shorelines at
two or more discharges. Surface velocities were estimated by timing
floating objects and by using current meters. Bathymetric surveys were
made at discharges between about 15,000 and 25,000 ft3/s (table 1). Other
observations and surveys were made at discharges between about 3,000 and
45,000 fts/s.

The purposes of this report are (1) to present a classification
of alluvial sand deposits in the Colorado River, (2) to describe
significant characteristics of these deposits, (3) to describe changes in
these deposits between June 1983 and January 1986, and (4) to relate these
changes to those occurring since completion of the dam. The
classification of alluvial sand deposits and identification of 11 reaches
within Grand Canyon National Park are presented to provide a framework
within which to evaluate changes in deposits. Description of the
characteristics of alluvial sand deposits is included to substantiate the
classification and to provide a basis for understanding change in spatial
distribution of sand. Changes in alluvial deposits were identified by (1)
topographic and bathymetric surveys between April 1985 and January 1986
and (2) analysis of aerial photographs.



[Letter, X, indicates data were collected.

Table 1.--Summary of study sites and types of data collected

Dashes indicate no data collected. (DSS), detailed

study site]

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num- time of feet per metric graphic repli- flow surface chains men-
ber study1 second surv survey cations pattern slope tology
(DSS) Above Cathedral Wash (original surveys)
2.5 1 05-18-85 44,700 — - X X -— - -
07-29-85 26,000 -— - X X —— - -
to
29,000
08-29-85 27,100 X - X - - - X
(1530)
10-04-85 4,000 - X X X -— X ---
to
19,000
12-07-85 2,600 - X -—- --- - -—- ---
01-09-86 16,300 X X X X X X X
(1600)
05-13-86 48,500 - - - X - -—- -
(DSS) Badger Creek Rapid (original surveys)
7.9 2 04-13-85 17,900 X - - - - - .=
(1400)
05-19-85 40,000 —— X X X X -—- -—=
to to
05-21-85 45,000
07-30-85 25,000 -—- X X X X -—- -—=
to to
07-31-85 31,000
08-30-85 29,800 X -— -—= -—- -—= -—- X
(1500)
10-05-85 3,000 - X X X X - -—-
to to
10-06-85 17,000
12-07-85 ~3,000 - X - il - - -
01-11-86 2,870 X X X X X - X
(1730) to (2)
21,500
(DSS) Soap Creek Rapid (initial survey, Ferrari, 1987)
11.4 3 05-21-85 44,000 -—- - X X X -— -
to to
05-22-85 45,000
08-01-85 25,000 - X X X X -—- X
to
31,000
10-07-85 4,000 - X X X X X -
18,000
01-12-86 2,000 -— X X X -— X -
to
21,000

See footnotes at end of table.



Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num-  time of feet per metric graphic repli- flow surface chains men-
ber study1 second 2 survay3 survey cations pattern slope tology

(DSS) Below Salt Water Wash (original survey)

12.2 4 05-21-85 44,000 -—- —— - X —— - ——
to
05-22-85 45,000
08-01-85 25,000 === -— X X -—- —— X
to
31,000
10-08-85 4,000 -—- X X X -— X X
to
15,000
01-13-86 2,000 -—- X X X -—- X ——
to
21,000

(DSS) Eighteen Mile Wash (initial survey Howard, 1975)

18.1 5 05-22-85 45,000 - X X X X _— ——
08-02-85 28,000 - X X X X - X
to
30,000
10-09-85 4,000 - X X X X -— ———
to
20,000
12-07-85 ~5,000 -—- X -—- - - - -
01-13-86 2,000 - X X X X -—— —
to
21,000

18.2 6  08-02-85 28,000 --- - X X --- c—— -
to
30,000
10-09-85 4,000 - - X X --- - e
to
20,000

(DSS) Opposite Nineteen Mile Canyon (initial survey Howard, 1975)

19.0 7 05-23-85 42,000 -—- X X X -—— -— _——
to
45,000
08-03-85 24,000 - X X X --- -—— X
to
29,000
10-09-85 4,000 - X X X - X X
to to
10-11-85 20,000
12-07-85 ~5,000 -— X -— ——— — _— -

See footnotes at end of table.



Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num-  time of feet per metric graphic repli- flow surface chains men-
ber studyl second 2 survey¥ survey cations pattern slope tology
(DSS) Opposite Nineteen Mile Canyon (initial survey Howard, 1975)--Continued
01-14-86 2,000 --- X X X X X -—
to
21,000
(DSS) Twenty Mile Camp (initial survey Ferrari, 1987)
19.8 8 08-03-85 24,000 --- X --- X --- --- ---
to
29,000
10-11-85 4,000 --- X -—- - --- -— -—
to
15,000
01-14-86 2,000 - X X X X --- -
to
21,000
(DSS) Twenty-Nine Mile Rapid (original survey)
29.2 <] 05-24-85 44,000 - - X X --- - -—-
08-04-85 23,000 - X X X - --- X
to
29,000
10-11-85 4,000 - X X X --- --- -——-
to
15,000
12-07-85 ~5,000 - X -~ --- --- - ---
01-15-86 3,000 - X X X X --- ---
to
22,000
(DSS) Nautiloid Canyon (initial survey Howard, 1975)
34.7 10 05-24-85 44,000 - X X X X -—- ---
to
48,000
08-04-85 23,000 - X X X -— --- ---
to
29,000
09-01-85 27,600 X -—- -— -—- -— -— -
(0945)
10-12-85 3,000 - X X X --- ——- e
to
15,000
01-14-86 2,360; X X X X X --- ---
to 15,900 2)
01-15-86

See footnotes at end of table.
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Table 1.~~Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo-  graphic Surface- Water- Scour Sedi-
mile num-  time of feet per metric graphic repli- flow surface chains men-
ber studyl second survey3 survey cations pattern slope tology
Tatahatso Wash (initial survey Ferrari, 1987)
37.3 11 08-04-85 23,000 -—= X X -— -— -—- -—
to
29,000
10-12-85 3,000 --- X - -— —— -—- -—
to
15,000
(DSS) Eminence Break Camp (original survey)
44,2 12 04-16-85 26,100 X - —— -—— -— - —-——
(0630)
04-17-85 26,000 X -—= -—= X -—- --- -——
(0645)
05-25-85 40,000 - X X X X -—- -—
to
47,000
08-05-85 25,000 - X X X X -—— -——
to
31,000
09-02-85 27,200 X - --- - -— -—— -—
(0910)
10-12-85 3,000 -—= X X X X -— -—
to
15,000
01-16-86 23,600 X X X X X -—= X
(0915)
(DSS) Saddle Canyon (initial survey Ferrari, 1987)
47.2 13 01-18-86 13,000 -—- X --- X X -—- -—-
to
24,000
05-14-86 48,500 -—- - -—= X .= -—- -—-
Kwagunt Rapid (initial surveys Ferrari, 1987)
56.3 14 08-06-86 26,000 - X X X - -—- -—
to
30,000
10-13-85 3,000 - X - -— — —— -—
to
12,000

See footnotes at end of table.



Table 1.--Summary of study sites and types of data collected--Continued

River Site Date and
mile num- time of
ber studyl

Discharge, Photo-
in cubic Bathy- Topo-  graphic
feet per metric graphic repli-
second survey3 survey cations

Surface-
flow
pattern

Water-

surface

slope

Scour Sedi-

chains men-

tology

Little Colorado River confluence (original survey)

61.1 15 04-19-85
(1240)
05-27-85

08-06-85

09-03-85
(1105)
09-04-85
(0840)
01-17-86
(1535)
01-18-86

24,000 X - -

40,000 - - X
to

47,000

26,000 - X X
to .

30,000

29,200 X - -

26, 500 X - -
19,600 X - -—-
13,000 - X X

to
26,000

Below Little Colorado River

confluence (initial survey Howard,

1975)

61.7 16 01-20-86

12,000 -—- X -
to
21,000

Above Unkar Rapid (initial survey Ferrari, 1987)

72.5 17 01-19-86
(1400)
01-20-86

* X --- ---
12,000 - X -
to
21,000

Nevills Rapid (original survey)

75.6 18 08-07-85

01-20-86

17,000 - X X
to

24,000

12,000 - X X
to

21,000

See footnotes at end of table.
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Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num- time of feet per metric  graphic repli- flow surface chains men-
ber study1 second survey© survey cations pattern slope tology
(DSS) Above Grapevine Rapid (initial survey Howard, 1975)
81.1 19 05-29-85 44,000 -— X X X -— -— -—
to
46,000
08-07-85 17,000 - X X X ——- —— -
to
24,000
10-15-85 &) — X X X - — -
01-21-86 12,000 --- X X X .- -—- ——
to
18,000
Cremation Camp (initial survey Howard, 1975)
87.1 20 04-21-85 23,800 X ——- -— —— -—— -— -
to (2)
26,300
05-30-85 45,000 --- - -—- --- X —— g
to
47,000
09-05-85 29,300 X - --- --- --- —— ee
(1355)
01-20-86 17,800 X -—- —— -—— —— —— -——
(1440)
01-21-86 15,300 X ——- .—- -—— -—- -— -——
(1150)
(DSS) Ninety-One Mile Creek (original survey)
91.0 21 08-08-85 19,000 -— X X —— - —— -———
to
24,000
10-15-85 H - X X -— - —— -
01-22-86 13,000 -— X X x X ——- -—-
to
22,000
Trinity Creek
91.4 22 08-08-85 19,000 .- ——- X —— ——— —— ——
to
24,000
01-22-86 13,000 -— -— X - —— -—— -——
to
22,000

See footnotes at end of table.



Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num-  time of feet per metric graphic repli- flow surface chains men-
ber st.udyl second survey3 survey cations pattern slope tology
(DSS) Granite Rapid (initial survey Howard, 1975; Ferrari, 1987)
93.1, 23 05-31-85 42,000 - X --- X X -——- -
93.4 to to
06-01-85 47,000
08-09-85 18,000 -—- X -— X —— J— -
to
22,000
01-22-86 13,000 - X -—-- X —— -_— -——
to
22,000
Ninety-Six Mile Camp
96.0 24 06-01-85 42,000 -— -— X -— -—- - -_—
to
47,000
08-09-85 18,000 -=- -== X ——- - - -—
to
22,000
10-16-85 ) --- --- X --- --- == -
(DSS) Boucher Rapid (original survey)
96.6 25 08-09-85 18,000 -—- X X X X -— -——
to
22,000
10-16-85 %) --- X b4 X e -— —-
01-23-86 15,000 - X X X - - -—
to
22,000
Upper Crystal Rapid
98.0 26  01-22-86 ) X --- -—- —— e — -
(1610)
Elves Chasm (original survey)
116.0 27 10-17-85 (D) -—- X X X - -—- -
01-24-86 15,000 - X X X X - -
to
23,000

See footnotes at end of table.
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Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num- time of feet per metric graphic repli- flow surface chains men-
ber study1 second sm:vcry3 survey cations pattern slope tology
(DSS) One Hundred Twenty Mile Camp (initial survey Ferrari, 1987)
118.7 28 08-11-85 19,000 - - X - - --- X
to
23,000
10-17-85 ¢ --- X X --- --- --- ---
12-08-85 6,000 - X - - - -—- -
01-08-86 4) - X - - - - -
(DSS) Lower Blacktail Rapid (original survey)
120.1 29 06-02-85 45,000 - X X X X - -
to to
06-03-85 47,000
08-12-85 16,000 -—- - X X X -—- -
to
22,000
09-07-85 22,600 X - - - - - -
(0805)
10-18-85 ) --- X X X X X ---
12-08-85 6,000 - X -—- --= -—- -—- -—
01-13-86 4 --- X --- --- --- X ---
01-24-86 20,100 X -== -—- - - X -
(1435)
One Hundred Twenty-Two Mile Rapid
121.6 30 06-05-85 44,000 -—- - X X - -—- -—-
to
46,000
08-13-85 19,000 --- - X X - - --=
to
23,000
10-18-85 *hH -- --- X X --- -
01-26-86 21,000 -— - X -— - - -—-
to
25,000
(DSS) One Hundred Twenty-Two Mile Creek (original survey)
122.0 31 06-05-85 44,000 - - X X -— -—- X
to
46,000
08-13-85 19,000 - X X X X .= -==
to
23,000
10-20-85 7,000 - X X X X - X
to
13,000

See footnotes at end of table.



Table 1.--Summary of study sites and types of data collected--Continued
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Dishcarge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num- _time of feet per metric graphic repli- flow surface chains men-
ber studyl  second? survey3 survey cations pattern slope tology
(DSS) One Hundred Twenty-Two Mile Creek (original survey)--Continued
12-08-85 6,000 --- X --- --- --- -—- ---
01-13-86 H --- X - --- --- --- ---
01-25-86 18,000 -—- X X X X ——- X
to
26,000
The Cutbank
122.3 32 06-06-85 40,000 --- --- X --- -—- -—- X
to
42,000
08-14-85 19,000 -—- --- X -—- --- --- ---
to
23,000
Forster Rapid
122.6 33 06-06-85 40,000 --- --- --- --- X --- ---
to
42,000
08-14-85 19,000 --- --- X --- --- --- -—-
to
23,000
Enfilade Point (initial survey Ferrari, 1987)
123.5 34 06-06-85 40,000 - - X X - - -
to
42,000
08-14-85 19,000 - - X X -—- -—- aid
to
23,000
10-20-85 7,000 -—- --- X X i -—- -—-
to
13,000
01-27-86 23,000 - X X X --- -—- -—-
to
26,000
Stone Creek
131.8 35 06-08-85 30,000 - -—- X - --- --- —--
to
35,000

See footnotes at end of table.
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Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-
River Site Date and in cubic Bathy- Topo- graphic Surface- Water- Scour Sedi-
mile num-  time of feet per metric graphic repli- flow surface chains men-
ber studyl second 2 survey® survey cations pattern slope tology
Stone Creek--Continued
08-15-85 20,000 - -— X -=- -—— -— -—=
to
24,000
10-20-85 &) --- --- X - - —— -
Opposite Deer Creek Falls
136.2 36 08-15-85 20,000 - i X -—- —— —-— -—
to
24,000
(DSS) National Rapid (original survey)
166.5 37 04-25-85 16,800 X - - X X - -—-
to (3)
20,800
06-09-85 30,000 - X X X X - X
to
06-11-85
08-15-85 20,000 - X X X -—- - -—
to
24,000
09-09-85 22,200 X - -—-- --- -— -—— ——
(1010)
09-10-85 21,200 X - -— -— — — —
(1000)
10-21-85 8,000 === X X X X -— -
to to
10-22-85 17,000
12-08-85 6,000 - X -— -— — _— —
01-08-86 &) -—- X -—- - - —_— e
01-27-86 21,100 X -—= -—- -—— -——- -——- -——
(1255)
01-28-86 23,100 X X X X --- --- -——-
(1615) (2)
(DSS) Fern Glen Rapid (Ferrari, 1987)
168.0 38  01-08-86 H --- X -—- -— - —_— -
01-30-86 16,000 - X - X X - X
to
23,000

See footnotes at end of table.



Table 1.--Summary of study sites and types of data collected--Continued

Discharge, Photo-~

Rivar Site Date and in cubic Bathy- Topo- graphic Surface~ Water- Scour Sedi-
mile num-  time of feet per metric graphic repli- flow surface chains men-
ber atudy? second 2 survey3 survey cations pattern slope tology

One Bundred Eighty-Six Mile

185.8 39  04-27-85 22,300 X - -— — een
(1410)
06-12-85 30,000 --- - - X X
09-11-85 26,000 X - - - ee-
(1040)
09-12-85 26,000 X --- — .. een
(0825)
01-29-86 18,400 X --- - —— eee
(1545)

(DSS) Pumpkin Springs (original survey)

212.9 40 04-29-85 26,200 X - —-—— —-—— —-—— - -
(0835)
- 06-13-85 30,000 --- X X X X -—- X
to
35,000
08-16-85 20,000 ——- X X X X - X
to
22,000
09-13-85 25,200 X i -— ——- i —— -——
(0815)
10-23-85 7,000 -—- X X X - === -——
to
16,000
01-30-86 25,800 X - - -—- -—- -—- -
(1545)
01-31-86 21,400 X X X X X —-—- X
(0915)
Diamond Creek
225.2 41 09-14-85 25,000 X -——- -—- -— -—- m== -——-
(1100)
02-02-86 23,700 X -—- —— —— ——— ——— -——
(1005)

1Times listed are for bathymetric surveys.

2Estimated discharge during bathymetric surveys or range of discharga at
station during day of work.

SNunber is actual number of surveys.

4Unit-value data not available.

nearest gaging
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TERMINOLOGY

Flow separation and associated secondary circulations are
characteristic hydraulic conditions in the Grand Canyon and determine
sand-deposit location and extent of change. The phenomenon of flow
separation at abrupt channel expansions or contractions is described in
basic fluid mechanics texts. When flow separation occurs, the main
downstream current becomes separated from the channel banks and areas of
recirculating flow exist between the downstream current and the banks
(fig. 3). These recirculation zones are composed of one or more eddies, a
term denoting "any rotating fluid motion which possesses continuity so
long as the flow pattern which creates it continues to prevail" (Matthes,
1947). Eddies, as discussed in this report, have a vertical or nearly
vertical axis of rotation. Typically, a recirculation zone has a primary
eddy and may have a secondary eddy. That portion of the primary eddy
where flow is directed upstream and toward the main downstream current is
referred to as the primary-eddy return current. The bed of the
recirculation zone excavated by this current is termed the primary-eddy
return-current channel. Other portions of recirculation zones are not
organized into a rotation. Current directions in these low-velocity areas
may have a preferential direction, may oscillate in several directions, or
may be virtually stagnant. In summary, flow separation leads to the
existence of recirculation zones. These zones are composed of one or more
eddies and low-velocity areas.

The point at which downstream-directed flow becomes detached from
the channel banks is called the separation point (fig. 3A). The point at
which downstream-directed flow is again adjacent to the banks is called
the reattachment point. The separation point is the most upstream point
of the recirculation zone, and the reattachment point is at the most
downstream point of the recirculation zone. On the Colorado River, these
points are actually zones, 5-20 ft wide, within which separation or
reattachment point may migrate. A plane and its surface expression, the
separatijon surface, divides the main downstream-directed flow from the
recirculation zone.
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recirculation zone. A, Flow patterns. B, Configuration of bed deposits.
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Two types of alluvial sand deposits within recirculation zones
are highest in elevation and are of most interest to whitewater boaters
and campers. Separation deposits, the first type, mantle the downstream
part of debris fans and are located near the separation point.
Reattachment deposits, the second type, are located at the downstream end
of recirculation zones, project upstream into the center of the zones, and
are near the reattachment point (fig. 3B). At places, the surface of
separation and reattachment deposits merge and the deposits cannot be
distinguished solely on the basis of location, although they each have
distinctive sedimentary characteristics. At other places, one or the
other may not be found in a particular recirculation zone.

Alluvial sand deposits are also typically located upstream from
constrictions. At least the lower part of many of these upper-pool
deposits is a reattachment deposit associated with small recirculation
zones. The higher parts of these same deposits, however, resemble
terraces. Where the origin of alluvial deposits could not be determined
on the basis of planimetric shape or location, they are called
channel-margin deposits. Point-bar deposits, which are characteristic of
a]luvia]dmeandering rivers, are found infrequently in the park and are not
discussed.

Abrupt changes in flow area cause flow separation. In the Grand
Canyon, the channel is typically more narrow and shallow around
obstructing debris fans, and this short reach is called the constriction.
Downstream from the debris fan, a short reach is wider than the average
channel width and is called the expansion. Downstream from the expansion,
the channel typically resumes the dimensions characteristic of the reach
upstream from the constriction. The separation point typically is located
near the transition from constriction to expansion. Recirculation zones
occur in the expansion.

The ratio of channel width at the constriction to average
upstream channel width is termed the constriction ratio. The ratio of
channel width at the expansion to channel width at the constriction is
termed the expansion ratio. The term elevation used in this report refers
%o t?e distance above or below either an arbitrary local datum or sea

evel.

METHODS OF ANALYSIS

Between April 1985 and February 1986, sand-deposit change was
measured by repeated topographic and bathymetric surveys. These surveys,
as well as photographs taken between April and February, were compared
with similar types of data collected between 1965 and 1984 in order to
measure change over longer time periods. Reference marks established by
Howard (1975), Laursen and Silverston (1976), or Ferrari (1987) were used.
At new study sites, networks of reference marks were established.

A theodolite distance meter and standard techniques were used for
most topographic surveys. About 25 percent of the topographic surveys
were made using a hand level and tape. Surveys were made along profile
lines, and topographic maps of most sites were made.
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Resurvey of reference-mark networks generally differed by less
than 0.10 ft from survey to survey. Surveying data were initially plotted
in plan view to insure that repeated surveys matched. Where they did not,
surveying data were adjusted for differences in position on the basis of
surveying data of surrounding topography. This technique resulted in
accurate depiction of topographic change along specific profile lines.
Differences in elevation exceeding 0.25 ft are considered to be
significant in this study.

Bathymetric surveys were made from a raft about 35 ft long by
using a recording echo-depth sounder and a local microwave positioning
system. The positioning system consisted of two remote units mounted on
tripods on shore, a master unit mounted on a mast on the raft, and the
electronics that control their operation. The distance between the master
and each remote is determined by the traveltime of microwaves. The
position of the remotes in the local coordinate system was determined by
their location in relation to fixed reference marks, and the position of
the raft at any time was computed from the known distances between the
master unit and each remote. Data from the positioning system and the
depth sounder were recorded along with time on a data logger as the raft
moved about the study area. Time interval for recording could be changed
but generally was 2 seconds. Depths were converted to elevation by
reference to elevation of the water surface during the survey. Maps of
the data were plotted and contours were drawn by use of a
computer-contouring system.

Precision of the recording echo-depth sounder used is 0.1 ft, and
accuracy is 0.5 percent of the measured depth or about 0.25 ft at a depth
of 50 ft. Although maximum depth was 70 to 80 ft at a few study sites,
maximum depth was less than 50 ft at most sites. Water-surface elevation
during each survey was monitored either by a temporary recording-stage
gage or by periodic reading of a staff gage on shore. Water-surface
elevation changed with time during surveys and at a given time was
different in different parts of the surveyed area. Change with time was
caused primarily by discharge fluctuations or surface waves. During the
bathymetric survey, the edge of water was mapped using standard surveying
techniques. Depth changes in excess of 0.5 ft are considered significant.

Spurious depths were recorded when air entrained in the water
column caused the signal to reflect within the water column rather than
off the channel bottom. Spurious numbers in the data set, which were
identified by comparing the stored numbers with depths recorded
graphically, generally showed shallower depths than preceding or following
measurements. In some cases, the amount and areal extent of entrained air
severely limited the area that could be surveyed, especially downstream
from rapids. '

Uncertainty of the distance measurement by each microwave unit is
about 3 ft. Uncertainty of the raft position computed from the two
distances depends mainly on the uncertainty of the distance measurement
and on the relative positions of the master and remote units. Highest
position accuracy (about 4.3 ft) is obtained when the master and remotes
form a 90° angle. The accuracy decreases as the angle increases or
decreases from 90°, and is about 11.7 ft at angles of 30° and 150°.
Remotes were located near the center of the recirculation zone or channel
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in such a way as to maintain a line of sight and to give as close to a
90° angle as possible over the survey area. The uncertainty of position
ranges from the minimum of about 4.3 ft to about 20 ft.

Data points from the positioning system were used to generate a
grid of equally spaced values that were in turn used in graphical fitting
of contours for computer p]ottin?. Error of the grid was determined by
computing the elevation at data locations by linear interpolation from the
values at the grid nodes and comparing the calculated value with the
measured value. The method of grid generation was selected to minimize
interpolation error while maintaining a reasonable amount of smoothing of
the data. Uncertainty in the position of contours also depended on the
spatial distribution of data points. Where data points were sparse,
contour position was extremely uncertain even though the interpolation
error was low.

The resulting uncertainty in the bathymetric maps is the sum of
errors in microwave system location, computer contouring, and data-point
density. The most significant of these is the uncertainty in raft
position caused by poor geometry of the master and remote units and sparse
distribution of data points. Although no quantitative measure of the map
uncertainty was developed, a qualitative judgement was made for each map
and argas judged to have uncertainty too high for meaningful analysis were
omitted.

Analysis of sand-deposit change at 13 detailed-study sites since
1965 relied mainly on photographic comparisons. Aerial photography is
available for 1965 (U.S. Geological Survey, scale about 1:15,000), 1973
(U.S. Geological Survey, scale about 1:7,200), and 1984 (U.S. Bureau of
Reclamation, scale about 1:3,000). Daily mean discharge varied from
23,100 to 41,200 ft3/s during the photographic survey of 1965; from
5,930 to 12,100 ft3/s during the survey of 1973; and from 5,220 to
5,810 ft3/s during the survey of 1984. Topographic changes at study
sites were determined by measuring the area of exposed sand above the
stage corresponding to a discharge of about 25,000 ft3/s. Area of
exposed sand was directly measured in the photographs of 1965 for study
sites where discharge was about 25,000 ft3/s. Estimates of the shoreline
corresponding to a discharge of about 25,000 ft3/s, however, had to be
made for the 1973 photography. The upper limit of unvegetated sand on the
photographs of 1973 was determined to be associated with a stage of
approximately 25,000 ft3/s by comparing topographic surveys and
stage-discharge relations at Eighteen Mile Wash and opposite Nineteen Mile
Canyon. Below this stage, sand was swept clean by daily fluctuations.
The location of the shoreline at discharges of approximately 25,000 ft3/s
was mapped in the field in August 1985 and drawn on 1984 photographs. A
zoom transfer scope was used to adjust for differing scales of each aerial
photograph survey. A planimeter was used to measure areas for different
years, and differences in area of more than 10 percent were considered
significant.
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Measurements of exposed sand deposits at a discharge of about
6,000 ft3/s were also made for 1973 and 1984 at about 180 sites.
Measurements were made directly on aerial photographs. Accuracy of
comparisons of exposed sand area is limited by the different scales of
different aerial photographs as well as by the changing scale of each
particular year’s flight. For example, the ratio of scale difference
between a unit area on the 1973 and 1984 photographs varied between 5.0
and 7.7, depending on location. In order to compensate for the errors
resulting from varying scale, scale ratios were measured at about 1-mile
intervals. Areas of deposits in 1973 were estimated by multiplying the
area measured on the aerial photographs times the scale ratio so that
comparison could be made with areas measured on the 1984 photographs.
Areas in 1973 were estimated to be within a range determined by the
highest and Towest scale ratios within about 10 mi of the measured site.
Areas on 1984 aerial photographs were considered to be accurate to 10
percent. Significant change was considered to have occurred if the
estimated 1973 area was entirely beyond the range of the 1984 area
estimate.

An inventory of the presence or absence of different types of
alluvial sand deposits in 399 recirculation zones was also conducted
between river miles 0 and 118 using 1973 and 1984 photography. Criteria
used in this inventory are described in the section entitled "Changes in
Alluvial Sand Deposits, 1973-84."

Other methods used to interpret or document topographic changes
or hydraulic conditions included scour chains, sedimentologic
descriptions, water-surface slope surveys, and mapping of surface
currents. Chains 2 ft long and having links of about 0.1 ft were inserted
vertically into sand deposits along lines that were roughly perpendicular
to shore. A metal detector was used to recover the chains; recovery was
about 90 percent. Trenches were dug into sand deposits to reveal
sedimentary structures. The size of trenches was limited by the time and
equipment available. The largest trench was 80 ft long and 4 ft deep at
Fern Glen Rapid.

Surveys of water-surface slope were obtained by measuring the
water-surface elevation at the edge of water. A staff gage was installed
before each measurement, and observed fluctuations in stage were recorded.
A1l surveyed points were located on aerial photographs along with the
survey time. The water-surface survey was adjusted to compensate for
measured stage changes. In order to decrease the length of time of the
survey and therefore the stage changes during the survey, two rod persons
usually were used.

The direction of surface currents and location of shorelines were
observed from the shore and mapped on aerial photographs. Uncertainty in
position of features near the center of the channel is estimated to be
about 5 percent of local river width. Noted features such as the location
of ;eparat}on and reattachment points along the shoreline are accurate to
within 10 ft.
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BACKGROUND

Physical and Hydraulic Characteristics of the Channel

The Colorado River channel is in bedrock or bordered by 1arie
talus blocks for most of the 225 mi from Lees Ferry to Diamond Creek.
Geomorphic characteristics of the river channel are controlled by bedrock
type and structure (Dolan and others, 1978). Channel width and depth,
presence of midchannel gravel bars, and the distribution of tributary
debris fans are all related to the bedrock geology (Howard and Dolan,
1981).

Eleven reaches of the Colorado River were defined on the basis of
type of bedrock exposed at river level, average channel top width, average
channel width/depth ratio, reach slope, and relation to major tributaries
(table 2; and fig. 4). The narrow reaches are Upper Granite Gorge,
Aisles, Middle Granite Gorge, Muav Gorge, Supai Gorge, Redwall Gorge, and
Lower Granite Gorge. The wide reaches are the Permian Section, Lower
Marble Canyon, Furnace Flats, and the Lower Canyon.

Elevation of the river decreases about 1,780 ft between Lees
Ferry and Diamond Creek. The descent is accomplished primarily in short
steep reaches, many of which are the famous rapids of the Grand Canyon.
In the first 150 mi downstream from Lees Ferry, 50 percent of the total
decrease in elevation takes place in only about 9 percent of the distance
(Leopold, 1969). Although the average gradient between Lees Ferry and
Diamond Creek is 0.0015, the gradient of many short reaches exceeds 0.01.

Water-surface slope is low in reaches between rapids, and many
reaches have a gradient of less than 0.0005 (Birdseye, 1923).
Water-surface slope flattens in Roo]s upstream from most major rapids, and
mean velocity commonly is less than 3 ft/s. A deep scour hole is present
immediately below most rapids (Leopold, 1969; Howard and Dolan, 1981;
Wilson, 1986).

Rapids are commonly located where the channel has been
constricted by alluvial fans formed by debris-flow deposits at the mouths
of short, steep tributaries (fig. 3). Debris from these flows also
increases local bed elevation of the channel. Kieffer (1985) determined
constriction ratios at 54 debris fans in the Grand Canyon, using 1973
aerial photography. She found that the ratio ranged from about 0.3 to
about 0.7, and averaged about 0.5. Because discharge in the 1973 air
photos ranged from about 4,000-15,000 fts/s (fig. 4) and constriction
ratio might vary with discharge and stage, constriction ratios were
recomputed from 1984 photography. The mean constriction ratio at the same
debris fans measured by Kieffer (1985) was 0.49, indicating that while
individual sites might vary in relation to stage and method of
measurement, when averaged over a number of sites, the effect of stage on
constriction ratios is not significant. Because alluvial deposits large
enough to be used as campsites are associated with small debris fans as
well as the large fans measured by Kieffer (1985), constriction ratios
were computed from 1984 photographs for 70 debris fans associated with
alluvial deposits inventoried as campsites (Brian and Thomas, 1984)
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Average
Major geologic Description ratio of Average Number Type of alluvial
Reach Local name of units et fivor of reach top width chammel Chamnel of camp- sand deposit
resch level width to mesn  width, slope® sites per typically used
depth? in feet? milet as campsites
Kaibab Limestone
0-11.3 Permian Torowsap Formation Wide 1.7 280 0.00099 0.4 Separation
Section Coconino Sandstone
Bermit Shale
11.0-22.5 Supai Gorge Supai Group Narrow 7.7 210 .0014 .9 Separation
22.6-35.8 Redwall Gorge Redwall Limestone Rarrow 8.0 220 .0015 .9 Separation
Muav Limestone
40.0-61.5 Lower Marble Bright Angel Shale Wide 18.1 350 .0010 2.8 Separation;
Canyon Tapeats Sandstone reettachment
61.6-77.4 Furnace Flats Tapeats Sandstone Wide 26.6 380 .0021 2.5 Channel margin
Unkar Group
Zoroaster Plutomic
Complex
77.5-117.8 Upper Granite Trinity and Elves Narrow 7 190 .0023 .6 Separation;
Gorge Chasm Gneisses charmel margin
Vishnu Schist
117.8-125.5 Aisles Tapeats Sandstone Nazrow 11 230 .0017 3.e Reattachment ;
Vishnu Schist charmel margin;
separation
Tapeats Sandstone
125.6-138.8 Middle Granite Unkar Group Narrow 8.2 210 .0020 2.3 Channel margin
Gorge Vishnu Schist
140-159.9 Muav Gorge Muav Limestone Nazrow 7.8 180 .0012 1.1 Channel margin
Basalt
160-213.8 Lower Canyon Muav Limestone Wide 16.1 310 .0013 2.4 | =emm=cccccceccons
Bright Angel Shale
213.8-225 Lower Granite Vishnu Schist Narrow 8.1 240 .0016 2.3 ree-eccecccoccoe-
Gorge

1Modified from Grand Canyon Netural Bistory Association, 1876.
QM. 24,000 ttsll, average based on cross-section data from Pemberton and Randle (1987); cross sections at about
1-mile intervals.
3Based on predicted water-surface elevations at 24,000 ft.’/l (Pemberton and Randle, 1687).
4Campsites inventoried by Brian and Thomas (1984).

between river miles 0 and 61.
was 0.54, somewhat greater than the sample population of Kieffer (1985).
The expansion ratio at the 70 sites ranged from 1.3 to 7.3, with a mean of

2.9.

The mean constriction ratio of these sites

At 59 of these sites where channel-depth data (Wilson, 1986) are

available, channel depth at the constriction decreased to as much as 0.30
of the upstream depth and increased in the expansion to as much as nine
times the constriction depth.

between 4,000 and 45,000 fts/s.

constant. At most sites, recirculation zones increase in length with

At most constrictions, recirculation zones exist at discharges
Recirculation-zone size, however, is not
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EXPLANATION

PERMIAN SECTION
SUPAI GORGE

REDWALL GORGE

LOWER MARBLE CANYON
FURNACE FLATS

UPPER GRANITE GORGE
AISLES

MIDDLE GRANITE GORGE
MUAV GORGE

LOWER CANYON

LOWER GRANITE GORGE

©OEPROPOE®EE

--Reaches within the study area.
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increasing discharge at least to 45,000 ft3/s (Schmidt, 1986). At Badger
Creek Rapid, the separation point is farther upstream and the reattachment
point farther downstream at a discharge of 44,000 ft3/s than at a
discharge of 5,600 fts/s (fig. 5). At extremely low flow, many
recirculation zones are greatly reduced in size, and the bed of the
recirculation zone may be completely exposed. For example, at Soap Creek
gagrzd¥ f}ow separation does not occur at discharges less than about
,000 ft3/s.

At each constriction, the debris fan is overtopped if the
discharge is sufficiently high. As discharge increases above this
overtopping discharge, the separation point does not migrate farther
upstream. For example, overtopping occurs at the low fan at Eighteen Mile
Wash between 28,000 and 44,000 ft3/s (fig. 6). At most sites, the
downstream migration of the reattachment point is controlled by the
geometry of the channel. Lengthening of the recirculation zone in the
downstream direction is ultimately restricted where another riffle or
debris fan farther downstream is encountered by the downstream-migrating
reattachment point. An upper limit, therefore, exists on the length of
recirculation zones, but the 1imit is different at different sites.

Sand is stored primarily in main-channel pools and within
recirculation zones (Wilson, 1986). Most sand deposits used as campsites
are associated with recirculation zones and are formed at discharges
typically exceeding 30,000 ft3/s. Sand stored within recirculation zones
typically is very well sorted fine to very fine (fig. 7, curve 7, 8),
whereif 2§nd in channel pools is typically medium in grain size (fig. 7,
curve 5, 6).

Channel geometry and hydraulic data based on field mapping of
shorelines and currents at various discharges, water-surface slope
surveys, and depth-sounder records were collected at 21 detailed study
sites (table 3). The mean constriction ratio of these sites is 0.49 and
is the same as the mean constriction ratio of the debris fans measured by
Kieffer (1985) and less than the mean of 70 fans between river miles 0 and
61 discussed above. The 21 sites, therefore, are representative of more
garrow constrictions than are associated with most campsites in the Grand

anyon.

Study sites were concentrated in upstream reaches where the
effects of dam operations were initially considered to be most
significant. Detailed study sites were located in seven reaches
(table 4). Study sites in each of these reaches included the dominant
types of deposits used for camping (table 2).

History of Flow and Sediment Transport

Two gaging stations provide long-term information on flow and
sediment transport. The gage at Lees Ferry (fig. 1) was established in
1895, and in 1922, a gage (09402500 Colorado River near Grand Canyon) was
established at river mile 87, just above Bright Angel Creek (fig. 1).
Suspended-sediment samples were collected at the gage at Lees Ferry during
the periods 1929-33, 1942-44, and 1947-65 and near Grand Canyon from
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RIVER-DEPOSITED OR REWORKED VERY FINE TO MEDIUM

SAND (October 21, 1984)

AEOLIAN SAND OR TERRACE DEPOSITS—Silt and fine
sand, well sorted

TRIBUTARY DEBRIS FAN—Boulders, cobbles, gravel,
sand, poorly sorted; boulders cover more than 50
percent of surface area except in tributary streambed

COBBLES AND GRAVEL

TALUS AND BEDROCK

ADDITIONAL RIVER-DEPOSITED SAND (1973)

EDGE OF WATER

Low flow, October 5, 1985, 5,600 cubic feet per second

High flow, May 20, 1985, 44,000 cubic feet per second

SEPARATION SURFACE
Low flow
High flow

GENERALIZED SURFACE-FLOW DIRECTION IN
RECIRCULATION ZONES

Low flow
High flow
Surface-flow direction of main current

LIMIT OF BREAKING WAVES (WHITE WATER) AT LOW
FLOW—At high flow, breaking waves in main current
extend downstream to a point opposite center of
recirculation zones

DENSE STANDS OF TAMARISK

SEPARATION POINT

REATTACHMENT POINT

LOCATION OF PROFILE LINES, SEE TABLE 13

PHOTOGRAPH SITE—Figure 10

Figure 5.
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Figure 6.--Change in recirculation-zone length with
discharge at six sites.



N

SIZE
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PERCENT FINER THAN INDICATE

Silt

WENTWORTH SIZE CLASS 31
Very Fine Medium Coarse Very Granule Pebble

fine sand sand sand coarse
99.9 sand | | | sand | | I
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99.5 HOXy _{_ -7 -
99.0 S =
98.0 /2 —
95.0 -
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1.0 -
0.1 | | | 1 1
0.01 0.1 1.0 10.0
PARTICLE DIAMETER, IN MILLIMETERS
EXPLANATION
Discharge, in Concentration,
. cubic feet in milligrams
Curve Date Description per second per liter
June 13, 1957 Pre-dam, snowmelt runoff 123,000 7,980
October 18, 1957 Pre-dam, tributary flow 15,600 17,000
October 22, 1983 Post-dam, no tributary flow 23,800 409
October 2, 1983 Post-dam, tributary flow 31,400 16,600

©)

OO OO

October 27, 1983
December 18, 1985
August 13, 1985

August 3, 1985

Bed material
Bed load

1983, reattachment deposit,
Saddle Canyon

1985, separation deposit,
Eighteen Mile Wash

Figure 7.--Typical particle-size distributions for samples of suspended
sediment, bedload, and bed material from the Colorado River near Grand
Canyon at river mile 87 and for two alluvial sand deposits.
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Table 3.--Channel geometry and hydraulic characteristics for selected sites

[Dashes indicate no data]

Water-surface slope

Site River
number Site mile
19231 1985-862 Discharge, 2
in cubic
feet per
second
1 Above Cathedral Wash 2.5 0.0008 0.0003 16,400
2 Badger Creek Rapid 7.9 .0162 .0200 26,500
3 Soap Creek Rapid 11.4 .0096 .0286 26,700
4 Below Salt Water Wash 12.2 0021 ------ eeeeel
5 Eighteen Mile Wash 18.1 .0009 .0037 27,900
7 Opposite Nineteen Mile 19.0 .0004 = ------ aeeee-
Canyon
8 Twenty Mile Camp - 19.8 .0001 .0004 4,500
9 Twenty-Nine Mile Rapid 29.2 .0106 .0183 5,000
10 Nautiloid Canyon 34.7 .0074 .0011 3,300
12 Eminence Break Camp 44.2 .0012 .0011 3,620
13 Saddle Canyon 47.2 .0007 .0007 22,800
19 Above Grapevine Rapid 81.1 0009  ------ aeeeeo
21 Ninety-One Mile Creek 91.0 0009 --e--- eeeeal
23 Granite Rapid 93.4 .0082 @ ------ eeeees
25 Boucher Rapid 96.6 .0092 .0017 21,000
28 One Hundred Twenty 119.7 0006 ------ eeee-s
Mile Camp
29 Lower Blacktail Rapid 120.1 .0108 .0012 5,000
31 One Hundred Twenty-Two 122.0 .0007 .0023 5,000
Mile Creek
37 National Rapid 166.5 .0066 .0062 29,700
38 Fern Glen Rapid 168.0 .0088  --e--- aeee-s
40 Pumpkin Springs 212.9 .0008  ------ eeeeeo

See footnotes at end of table.



Table 3.--Channel geometry and hydraulic characteristics

for selected sites--Continued
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Constriction ratio®

Site River
number Site mile 40,000 25,000 5,000
cubic cubic cubic
feet feet feet
per per per
‘second second second
1 Above Cathedral Wash 2.5 0.58 0.57 0.44
2 Badger Creek Rapid 7.9 .65 .63 .49
3 Soap Creek Rapid 11.4 71 .59 .43
4 Below Salt Water Wash 12.2 .55 .48 .35
5 Eighteen Mile Wash 18.1 .93 .70 .45
7 Opposite Nineteen Mile 19.0 1.00 .79 .63
Canyon
8 Twenty Mile Camp 19.8 .84 .81 .58
9 Twenty-Nine Mile Rapid 29.2 .78 .79 .51
10 Nautiloid Canyon 34.7 g1 .52 .18
12 Eminence Break 44.2 .58 .48 .42
13 Saddle Canyon 47.2 .54 .39 .36
19 Above Grapevine Rapid 8l.1 J1 .68 .53
21 Ninety-One Mile Creek 91.0 -—-- ---- .70
23 Granite Rapid 93.4 1.00 71 .45
25 Boucher Rapid 96.6 ---- .64 .81
28 One Hundred Twenty 119.7 .78 .79 .85
Mile Camp
29 Lower Blacktail Rapid 120.1 74 .58 .53
31 One Hundred Twenty- 122.0 .70 .55 .47
Two Mile Rapid
37 National Rapid 166.5 1.00 .70 .40
38 Fern Glen Rapid 168.0 .93 .66 .47
40 Pumpkin Springs 212.9 .69 .52 .33

See footnotes at end of table.



34

Table 3.--Channel geom

etry and hydraulic characteristics

for _select

ted sites--Continued

Channel top width of
constriction, in feet

Site River
number Site mile 40,000 25,000 5,000
cubic cubic cubic
feet feet feet
per per per
second second second
1 Above Cathedral Wash 2.5 290 270 190
2 Badger Creek Rapid 7.9 210 270 210
3 Soap Creek 11.4 260 200 130
4 Below Salt Water Wash 12.2 160 125 80
5 Eighteen Mile Wash 18.1 300 190 90
7 Opposite Nineteen Mile 19.0 290 210 130
Canyon
8 Twenty Mile Camp 19.8 230 200 130
9 Twenty-Nine Mile Rapid 29.2 200 180 90
10 Nautiloid Canyon 34.7 220 160 50
12 Eminence Break Camp 44.2 275 230 180
13 Saddle Canyon 47.2 220 160 140
19 Above Grapevine Rapid 81.1 170 150 120
21 Ninety-One Mile Creek 91.0 --- --- 150
23 Granite Rapid - 93.4 290 170 90
25 Boucher Rapid 96.6 --- 220 160
28 One Hundred Twenty 119.7 190 210 160
Mile Camp
29 Lower Blacktail Rapid 120.1 270 185 140
31 One Hundred Twenty-Two 122.0 270 190 150
Mile Creek
37 National Rapid 166.5 310 190 130
38 Fern Glen Rapid 168.0 330 250 120
40 Pumpkin Springs 212.9 250 120 70

See footnotes at end of table.
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Table 3.--Channel geometry and hydraulic characteristics
for selected sites--Continued

Expansion ratio¢

Site River 40,000 25,000 5,000
number Site mile cubic cubic cubic
feet feet feet
per per per
second second second
1 Above Cathedral Wash 2.5 1.5 1.6 1.8
2 Badger Creek Rapid 7.9 1.8 1.9 2.1
3 Soap Creek Rapid 11.4 1.9 2.1 2.1
4 Below Salt Water Wash 12.2 2.1 2.4 2.9
5 Eighteen Mile Wash 18.1 1.4 2.0 3.9
7 Opposite Nineteen Mile 19.0 1.42 1.80 2.3
Canyon
8 - Twenty Mile Camp 19.8 1.3 1.4 1.9
9 Twenty-Nine Mile Rapid 29.2 1.6 1.7 2.7
10 Nautiloid Canyon 34.7 2.0 2.8 8.6
12 Eminence Break Camp 44.2 1.9 2.1 2.4
13 Saddle Canyon 47.2 2.6 3.3 1.9
19 Above Grapevine Rapid 81.1 2.0 1.7 2.1
21 Ninety-One Mile Creek 91.0 --- --- 1.9
23 Granite Rapid 93.4 --- 2.7 4.9
25 Boucher Rapid ' 96.6 --- 1.3 1.4
28 One Hundred Twenty 119.7 1.8 1.5 1.5
Mile Camp
29 Lower Blacktail Rapid 120.1 2.1 3.0 2.6
31 One Hundred Twenty-Two 122.0 2.3 3.2 2.3
Mile Creek
37 National Rapid 166.5 1.2 2.0 2.7
38 Fern Glen Rapid 168.0 1.6 2.0 3.6
40 Pumpkin Springs 212.9 2.2 3.8 6.1

See footnotes at end of table.
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Table 3.--Channel geometry and hydraulic characteristics

for selected sites--Continued

Channel depth, in feet, along
thalweg at discharge of -28,000
cubic feet per second®

Site River
number Site mile
Upstream Constric- Expan-
from rapid tion sion
1 Above Cathedral Wash 2.5 17 15 40
2 Badger Creek Rapid 7.9 25 8 21
3 Soap Creek Rapid 11.4 32 12 32
4 Below Salt Water Wash 12.2 18 16 50
5 Eighteen Mile Wash 18.1 40 22 50
7 Opposite Nineteen Mile 19.0 33 33 69
Canyon
8 Twenty Mile Camp 19.8 50 28 50
9 Twenty-Nine Mile Rapid 29.2 31 14 45
10 Nautiloid Canyon 34.7 20 16 62
12 Eminence Break Camp 44.2 30 17 44
13 Saddle Canyon 47.2 18 12 55
19 Above Grapevine Rapid 8l.1 30 12 60
21 Ninety-One Mile Creek 91.0 30 15 49
23 Granite Rapid 93.4 32 12 44
25 Boucher Rapid 96.6 32 11 48
28 One Hundred Twenty 119.7 35 25 27
Mile Camp
29 Lower Blacktail Rapid 120.1 20 14 50
31 One Hundred Twenty-Two 122.0 40 12 46
Mile Creek
37 National Rapid 166.5 23 12 35
38 Fern Glen Rapid 168.0 20 14 44
40 Pumpkin Springs 212.9 30 22 85

See footnotes at end of table.
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Divergence angle”

Con-
Fan stric-
Site : River shape 40,000 5,000 tion,
number Site mile ratio® cubic cubic length,
feet feet in
per per feet
second second
1 Above Cathedral Wash 2.5 4.90 65 57 570
2 Badger Creek Rapid 7.9 8.70 29 55 800
3 Soap Creek Rapid 11.4 9.80 12 7 1,000
4 Below Salt Water Wash 12.2 4.10 36 34 400
5 Eighteen Mile Wash 18.1 3.80 100 42 200
7 Opposite Nineteen Mile 19.0 3.20 --- 24 260
Canyon
8 Twenty Mile Camp 19.8 4.90 33 14 140
9 Twenty-Nine Mile Rapid 29.2 3.50 29 19 290
10 Nautiloid Canyon 34.7 2.70 29 27 170
12 Eminence Break Camp 44.2 4.00 49 56 500
13 Saddle Canyon 47.2 2.80 78 20 1,100
19 Above Grapevine Rapid 81.1 5.00 58 25 120
21 Ninety-One Mile Creek 91.0 4.13 --- 47 210
23 Granite Rapid 93.4 3.64 1 24 330
25 Boucher Rapid 96.6 7.17 --- 15 380
28 One Hundred Twenty 119.7 10.00 22 7 160
Mile Camp
29 Lower Blacktail Rapid 120.1 3.60 84 11 320
31 One Hundred Twenty-Two 122.0 3.68 90 30 420
Mile Creek
37 National Rapid 166.5 6.40 13 90 1,100
38 Fern Glen Rapid 168.0 4.83 43 66 520
40 Pumpkin Springs 212.9 4.14 36 5 410

1Birdseye (1923).
2Steepest survey measured in 1985-1986, at indicated discharge.
SAverage channel width at constriction divided by average channel width

upstream.

constriction.

thalweg at -28,000 cubic feet per second (Wilson, 1986).

7Ang

expansion for two discharges.

4Average channel width in expansion divided by average channel width in
5Depth upstream, in constriction, and in expansion along approximate
sDistance along debris fan parallel to channel at low flow divided by

distance qerpendicular to channel.
e between main-channel flow and channel banks in degrees at
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Table 4.--Detailed study sites in relation to reaches

Types of deposits

Reach segment Separation Reattachment thanne]-margin

Permian Section Badger Creek Rapid

Supai Gorge Soap Creek Rapid Opposite
Below Salt Water Nineteen
Wash Mile
Eighteen Mile Canyon
Wash

Twenty Mile Camp

Redwall Gorge Twenty-nine Mile Nautiloid
Rapid Canyon
Nautiloid Canyon

Lower Marble Eminence Break Eminence
Canyon Camp Break
Cam
Saddle
Canyon
Upper Granite Ninety-One Above Grapevine
Gorge Mile Creek Rapid

Granite Rapid
Boucher Rapid

Aisles Lower Blacktail One Hundred
Blacktail Twenty Mile
Rapid Camp
One Hundred
Twenty-Two
Mile Creek
Lower Canyon National Rapid National Rapid Pumpkin
Fern Glen Rapid Springs

1925-72. Sediment data also were collected at these two gages from June
to December 1983 and from October 1985 through January 1986. Three
additional gages were operated during the latter two periods. These
short-term gages were: at river mile 61, just above the confluence with
the Little Colorado River (09383100 Colorado River above the Little
Colorado River, near Desert View); at river mile 166, just above National
Rapid (09404120 Colorado River above National Canyon, near Supai); and at
river mile 225, just above Diamond Creek Rapid (fig. 1).

Before closure of Glen Canyon Dam in March 1963, discharge at
Lees Ferry typically reached its annual peak in June in response to
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snowmelt runoff from the upper basin. Smaller peaks occurred during the
late summer and fall in response to rain in tributary watersheds
downstream from Lees Ferry (fig. 8). Suspended-sediment concentrations
tended to be highest during these periods of tributary flow, and suspended
sediment was dominated by silt and clay-sized material (fig. 7, curve 2).

Daily mean discharge of water for 1982 (fig. 9) was typical of
the period 1965-82. During that period, short-term discharge fluctuations
dominated, and discharge exceeded powerplant capacity of 31,500 ft3/s only
in April, May, and June 1965 and for a very short period in late June and
early July 1980. Maximum instantaneous discharge at Lees Ferry was
60,200 ft3/s in 1965 and 44,800 ft3/s in 1980. Annual suspended-sediment
load past Lees Ferry decreased from 76.3x10¢ tons/yr in the period just
before construction of the dam (1948 to 1958) to 8.6x10¢ tons/yr just
after dam completion (1963 to 1965) (Laursen and others, 1976%, which is a
decrease of almost 90 percent. For the same periods, volume of water
passing Lees Ferry decreased about 55 percent (Anderson and White, 1979).

The present study was planned and initiated in 1982 and early
1983 when flows such as those illustrated in figure 2 had prevailed for
nearly 20 years. An exceptional combination of weather conditions and
management decisions during the winter of 1982-83, however, caused
subsequent flows to deviate from the previous regime (fig. 9). A record
post-dam high instantaneous discharge of 97,300 ft3/s passed Lees Ferry on
June 29, 1983. From June 1983 until October 1, 1985, discharges were
higher and steadier than ever experienced since closure of the dam.
Discharges of as much as 46,000 ft3/s can be released without using the
spillways; 31,500 ft3/s can be released through the powerplant and
14,500 fts3/s through river outlet works (David Wegner, U.S. Bureau
of Reclamation, oral commun., 1986). The flat-topped hydrographs of the
summers of 1984 and 1985 (fig. 9) resulted from maximum releases through
the river outlet works and powerplant. Discharges in June 1983 exceeded
powerplant and outlet work capacity, and spillways were used. Only
during a special fluctuating-flow study period—October 1, 1985, to
January 15, 1986—did releases resemble those characteristic of the
1965-82 period. The special fluctuating-flow study was planned and
carried out for the purpose of providing a period in which to investigate
the response of the river to typical powerplant releases.

CHARACTERISTICS AND CLASSIFICATION OF ALLUVIAL SAND DEPOSITS

Fine-grained sediments are stored in channel pools, in
recirculation zones, and in deposits that continuously line the wider
sections of the river. Except for the widest reaches, most alluvial
deposits are associated with the recirculation zones caused by minor
bedrock or talus abutments or by large debris fans. In parts of the
widest reaches of the Grand Canyon, terracelike deposits exist. Deposits
associated with large recirculation zones are the most numerous and
extensive of all alluvial sand deposits in Grand Canyon National Park.

Side-scan sonar surveys, recording depth-sounder surveys (Wilson,
1986) and photography taken at low river stage demonstrate that the
average bed elevation of recirculation zones is much higher than that of
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the adjacent channel. A pool or scour hole occurs immediately downstream
from the constriction. Adjacent to and downstream from this scour hole,
the channel rises to the higher surface of a sandy alluvial deposit
(fig. 3B). The upper surface of the sandy deposit typically has relief of
10 to 50 ft. The difference between the average bed elevation within a
recirculation zone and the elevation of the adjacent thalweg varies from
site to site. For example, at Blacktail Rapid the elevation difference
exceeds 80 ft, and at National Rapid and Eminence Break Camp, the
elevation difference exceeds 40 ft.

The separation and reattachment deposits associated with
recirculation zones are composed primarily of medium to very fine sand.
Between Lees Ferry and Bright Angel Creek, 22 deposits created since 1983
were sampled (table 5). Of the 55 samples taken at these deposits, only 4
contained less than 90 percent sand, and none of these samples contained
more than 1 percent very coarse sand greater than 1 mm.

A1l samples of deposits between Lees Ferry and Bright Angel Creek
inundated in 1983 or more recently have graphic means (Folk, 1968) between
0.095 and 0.39 mm. Of the 33 samples of deposits created by the
discharges of 1983, 25 are fine sand and most are moderately well sorted.
Fewer samples were collected of sediments deposited in 1984 and 1985, and
half of these samples are medium sand between 0.25-0.50 mm.

Separation Deposits

Separation deposits mantle and typically extend downstream from a
debris fan. A zone of interspersed sand and boulders separates the
separation deposit from the debris-flow deposits located upstream
(fig. 10). The separation deposit generally forms one continuous gradual
slope from crest to water’s edge, but discrete terrace-like levels may
exist.

The most upstream part of most of these deposits commonly does
not border the low-flow river channel; boulders are found between the sand
deposit and the water’s edge (fig. 5). Downstream migration of separation
points with decreasing discharge probably causes erosion of sand in the
upstream low-elevation portion of the separation deposit resulting in this
depositional pattern.

Separation deposits form in low-velocity areas and in secondary
eddies upstream from the primary-eddy return-current channel. At some
sites, a bar forms in a secondary eddy and the upstream-facing slipface of
this deposit migrates upstream and eventually becomes attached to the
debris fan. The process of separation deposit formation was observed
at Eighteen Mile Wash where a separation deposits (fig. 11) formed in a
secondary eddy at a discharge of 45,000 ft3/s. At this discharge, the
downstream part of the Eighteen Mile Wash debris fan was inundated.
Velocity of this secondary eddy was much less than the main channel.
Surface velocity through the riffle, at a discharge of 45,000 ft3/s on
May 22, 1985, was measured to be about 16 ft/s on the basis of timing
drifting boats. Mean velocities over the deposit in the low-velocity area
at the same time did not exceed 1.5 ft/s (fig.12B). Discharge over the



Table 5.--Particle-size characteristics of alluvial send deposits between

Lees Ferry at river mile 0 and Bright Creek a Ve le 87.5
[mm, millimeter; ¢, -10;2 (millimeter)]
Time Graphic Graphic
River Sample of Deposit mean standard Dcsc::ipt‘im::1
mile number depo-~ type size deviation
sition (mm) (¢)
0.0 JCS-03 Pre-dam Channel margin 0.041 1.7 Poorly sorted silt
0.0 JCcs-01 1983 Channel margin .14 .6 Moderately well-sorted
fine sand
0.0 JCS~-02 1983 Channel margin .14 .6 Moderately well-sorted
fine sand
2.0 JBG-06 Pre-dam Channel margin .072 .8 Moderately sorted
very fine sand
2.0 JBG-07 Pre-dam Channel margin .041 .8 Moderately sorted silt
5.7 JBG~-08 1983 Separation .23 .6 Moderately well-sorted
fine sand
11.4 JBG-09 Pre-dam Separation .14 .6 Moderately well-sorted
fine sand
11.4 JBG-10 Pre-dam Separation .16 .7 Moderately well-sorted
fine sand
18.1 JCS-85-01 1985 Separation .12 .5 Moderately well-sorted
very fine sand
18.1 JCS~-85-02 1985 Separation .17 .8 Moderately sorted
fine sand
18.0 JCS-04 1984 Reattachment .38<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>